Abstract: Adsorption is an effective remediation technique for petroleum hydrocarbons because of its ease of use and high efficiency. The utilization of high-carbon content industrial by-products in such applications can present significant economic and environmental advantages. In this study, batch adsorption tests and petrographic analyses were used to investigate the adsorption of two nonpolar petroleum contaminants, naphthalene and o-xylene, onto seven fly ashes with varying carbon contents, with powdered activated carbon (PAC) as a control. Six equilibrium isotherm models were used to evaluate the batch data. The results yielded nonlinear sorption isotherms characterized by high sorption capacity at low concentrations. The naphthalene and o-xylene adsorption capacity of the fly ashes was correlated with the unburned carbon content, specific surface area of the sorbent, and the percentage of the anisotropic and isotropic carbon content of the ash. On the basis of the Polanyi-Dubinin-Manes model, a pore-filling mechanism is the dominant mechanism for the adsorption of the nonpolar organic chemicals onto PAC, whereas the adsorption onto fly ash is likely to be governed by the unburned carbon content and the specific surface area of the ash.
Introduction
Groundwater contamination by petroleum hydrocarbons is a commonly encountered phenomenon. Pump-and-treat has traditionally been the method used for remediating these products; however, the technique has various drawbacks, and alternative remediation methods, including bioremediation, air sparging, and the use of sorptive barriers have been developed. Sorptive processes have been gaining in acceptance because of the high efficiency and relatively simple nature of the technology. Previous studies have demonstrated the effectiveness of various natural and synthetic sorbents as potential sorptive media for the treatment of groundwater containing both organic and inorganic pollutants (Guerin et al. 2002; Jenk et al. 2003; Long et al. 2008) .
Approximately 90% of the coal used in the United States is burned to produce electricity, resulting in the generation of vast quantities of coal combustion by-products. One of these by-products is fly ash, which occasionally contains significant amounts of unburned carbon [i.e., it has high loss-on-ignition (LOI)] because of the common use of low nitrogen oxides (NO x ) burners in recent years. The unburned carbon levels in this high-carbon fly ash (HCFA) are as high as 25% by weight, resulting in a material with no value as a concrete additive, because the maximum carbon content allowed in concrete is 6% per ASTM C618 (ASTM 2008) . Recent data indicate that approximately 68% of the HCFA generated in the United States is placed in landfills, thereby consuming valuable landfill space and creating the potential to affect aquatic resources (Petzrick 2001) . Therefore, HCFA represents an abundant solid waste for which a significant need to find a beneficial use exists.
HCFA is ideally suited for reuse as a sorptive media, and its adsorption of various organic contaminants such as phenols, dyes, herbicides, and polychlorinated biphenyls has been documented (Akgerman and Zardkoohi 1996; Konstantinou and Albanis 2000; Janos et al. 2003; Nollet et al. 2003) . By using laboratory column tests, Demirkan et al. (2006) also demonstrated the potential of HCFA to stabilize petroleum-contaminated soils for use in highway environments. The results indicated that the addition of 5-10% fly ash by weight decreased the aqueous concentrations of the model contaminants naphthalene and o-xylene by 90-95%. Moreover, the addition of fly ash limited the initial release of the contaminants from the specimen.
Although several studies have been conducted on the reuse of fly ashes in environmental applications (Mott and Weber 1992; Tuncan et al. 2000; Petzrick 2001; Bulusu et al. 2005) , limited information exists about their sorption properties. Fly ashes are fine-grained, nonplastic by-products and may exhibit different reactive characteristics than clays and other commercial sorbents used in water treatment. Thus, the capacity and characteristics for the sorption of nonpolar organic contaminants onto HCFAs with varying unburned carbon content needs to be investigated. Such information is essential if these ashes are to be used as part of a remediation application (e.g., in sorptive/reactive barriers). To respond to this need, a series of laboratory batch adsorption tests were performed with two petroleum hydrocarbons and seven different types of HCFAs, by using powder-activated carbon (PAC) as a control material. Several types of isotherm models were studied for their capacity to describe the observed adsorption behavior.
The leaching of heavy metals from the fly ash during its use as an adsorbent is also a concern and was the subject of another component of this research (Morar 2008) .
Materials

Adsorbents
Seven bituminous-coal-derived fly ashes were investigated, originating from six different pulverized-fuel power plants in Maryland: Brandon Shores (BS), Chalk Point (CP), Morgantown (MT), Potomac River (PR), Paul Smith (PS), and Dickerson. The Dickerson ashes were named after the point of origin in the power plant: Dickerson Precipitator (DP) and Dickerson Baghouse (DBh). All the fly ashes consisted primarily of silt-size particles with 80-94% fines (passing a 75 mm sieve), and a fineness (retained on a 45 μm sieve) of less than 50%, except for the Paul Smith fly ash (Table 1 ). The specific gravity of the fly ashes ranged between 2.17 and 2.45 per ASTM D854 (ASTM 2010). The chemical composition of the fly ashes was determined by X-ray fluorescence spectroscopy analysis at the ALS Chemex Laboratories, Nevada (data not shown). The BS, PR, PS, DP, and DBh fly ashes were classified as off-specification fly ashes [i.e., neither Class C-or F-type, according to ASTM C618 (ASTM 2008)] attributable to their high loss-on-ignition (i.e., LOI > 6%). CP and MT fly ashes are classified as Class F fly ash on the basis of their low LOI and high SiO 2 þ Al 2 O 3 þ Fe 2 O 3 content (i.e., > 70%).
Commercial activated carbon was used as a control sorbent. Specifically, Hydrodarco B PAC from Norit Americas, Inc. was selected because of its comparable grain size distribution with the fly ashes evaluated.
Contaminants
Naphthalene, a polycyclic aromatic hydrocarbon (PAH), and o-xylene, a compound from the benzene-toluene-ethylbenzenexylene (BTEX) group, were selected as the target model contaminants (VWR Scientific, Inc., 99% purity) to represent the chemical complexity of refined petroleum products such as diesel fuel (Lee et al. 1992) . Both compounds are regulated under the Clean Water Act, with naphthalene listed as a priority pollutant and a toxic pollutant, and o-xylene listed as a hazardous substance.
Methods
Textural Parameters
The pore texture of the fly ashes was determined by N 2 isotherm data at 77 K by using a Quantachrome Nova Model 2200 adsorption analyzer. The specific surface area (SSA) of each adsorbent was measured with the Brunauer-Emmett-Teller (BET) analysis. Following the instrument manufacturer's recommendations, the samples were degassed under flowing ultra-high-purity grade nitrogen for twelve h at 200°C before recording the SSA measurements. Calculations for the micropore volume, V micro , and mesopore volume, V meso , were performed by using the N 2 isotherm data at 77 K with the Dubinin-Radushkevich (DR) and Barrett-Joyner-Halenda (BJH) methods, respectively. The SSA, V micro , and V meso of the PAC were obtained from the manufacturer (Norit Americas 2007).
Light Microscopy and Petrographic Analyses of Fly Ashes
Recent studies (Maroto-Valer et al. 2001; Kulaots et al. 2004) suggest that the type of unburned carbon present in fly ash affects its sorption characteristics. Therefore, the presence and type of carbon in the fly ashes were evaluated by using two different techniques. First, digital images of the fly ashes were captured by using a Zeiss polarizing microscope (magnification range of 2.5-50X) equipped with a Nikon D1 digital single-lens reflex camera. Fig. 1 shows an example image of the Brandon Shores fly ash captured by this method. The digital images were used primarily to provide a qualitative comparison of the fly ashes (Table 1) and to delineate carbon particles from fly ash grains. Additional measurements indicated that the size of the carbon and inorganic (i.e., silica and spinel) fly ash particles ranged from 100-1500 μm and from 10-100 μm, respectively.
Second, petrographic analyses were performed at the University of Kentucky Center for Applied Energy Research Laboratories by using a Leitz Orthoplan microscope equipped with a 50X oilimmersion objective on fly ash specimens impregnated in Sudan Black-doped epoxy (Maroto-Valer et al. 1999) . Duplicate specimens of BS and DP fly ashes were subjected to petrographic analyses for quality control purposes. Previous petrographic studies have indicated that, in general, three distinct forms of unburned carbon Note: LOI = loss-on-ignition; SSA = specific surface area; PS = Paul Smith; DBh = Dickerson Baghouse; DP = Dickerson Precipitator; BS = Brandon Shores; CP = Chalk Point; MT = Morgantown; PR = Potomac River; PAC = Powder activated carbon; NA = not analyzed; V micro and V meso = micro-and mesopore volumes, respectively, refer to volumes of pores with diameters smaller than 2 nm and between 2 and 50 nm, respectively. a Inorganic and carbon constituents of the fly ashes determined through petrographic analysis are in percentage by volume. b Total carbon = isotropic carbon + anisotropic carbon + inertinite carbon.
are present in fly ashes: (1) inertinites, which appear to be nonfused particles; (2) isotropic coke, particles that have extensively reacted and passed through a molten stage; and (3) anisotropic coke, particles that are highly aligned with other carbon particles (Hower and Mastalerz 2001) . Inertinite particles were identified by morphology, and isotropic particles were distinguished from the anisotropic particles by their optical activity.
Batch Adsorption Tests
Batch adsorption tests were conducted in three sets. For the first set, the BS fly ash and PAC were used to study the effect of the ratio of the solid mass to the volume of the aqueous naphthalene or o-xylene solution. Three different amounts (i.e., 0.5, 1, and 2 g) of fly ash were placed in duplicate 60 mL glass centrifuge tubes to which 60 mL of a 20 mg=L naphthalene or 10 mg=L o-xylene aqueous solution were added at room temperature (i.e., 24 AE 2°C). These conditions corresponded to solid-to-solution ratios (i.e., g=mL) of 1=120, 1=60, and 1=30, respectively. Two control samples were also prepared by adding only the aqueous naphthalene or o-xylene solutions to the vials. The centrifuge tubes were sealed with Teflon coating-lined caps and mixed for 24 h with an end-over-end rotator (ATR Scientific-24). The agitated samples were then centrifuged (Beckman GPR) at 3,000 rpm for 15 min. A 2 mL sample of the supernatant was filtered by using a 0.45 μm polytetrafluoroethylene (PTFE) membrane filter and transferred to an 8-mL amber vial, which was sealed with a PTFE-faced rubber septa lined cap and saved for aqueous naphthalene and o-xylene analysis. Sorbed concentrations were then calculated from the difference between the aqueous measurements. On the basis of these results, the specimens prepared at high solid-to-solution ratios of 1=30 and 1=60 resulted in approximately 100% sorption of the naphthalene and o-xylene. However, the ASTM D5285 standard (ASTM 2003) recommends a solid-to-solution ratio that would result in a 20-80% sorption of the contaminant. Therefore, the subsequent batch fly ash adsorption tests were prepared at a ratio of 1=120, which gave approximately 60-80% sorption, and the PAC adsorption tests were conducted at a solid-to-solution ratio of 1=600.
In the second set of batch tests, the BS fly ash was used to evaluate the reaction kinetics with the two organic compounds. A total of 30 vials were prepared with fly ash and aqueous solutions with an initial naphthalene or o-xylene concentration of 20 mg=L, and equilibrated on an end-over-end rotator shaker for 3, 6, 12, 24, and 48 h, following the procedures described previously. The final aqueous hydrocarbon concentrations measured at the different equilibrium times were comparable; therefore, an equilibrium time of 24 h was selected for both compounds.
Finally, the solid-to-solution ratio and equilibrium time defined by the tests described were used for the batch adsorption tests conducted on the remaining fly ashes with initial naphthalene and o-xylene concentrations of 0:5-25 mg=L and 0:2-85 mg=L, respectively.
Analytical Methods
Aqueous naphthalene and o-xylene concentrations were generally measured by using a spectrofluorophotometric method (Shimadzu 5301), with excitation and emission wavelengths for naphthalene and o-xylene of 273 and 336 nm, and 267 and 289 nm, respectively. Preliminary investigations indicated that the method detection limits for naphthalene and o-xylene were 0.0165 and 1:27 mg=L, respectively. Because of relatively high detection limits for o-xylene when using the fluorescence method, low concentrations (i.e., < 2 mg=L) of o-xylene in the batch adsorption tests were determined by using a gas chromatograph (GC) (Hewlett Packard 6980) with a flame ionization detector. Before measuring the concentrations, a liquid-liquid extraction procedure was performed by using hexane with acenaphthane as an internal standard. The details of the GC method for analysis of the contaminants in the hexane extracts are reported by Seagren and Moore (2003) .
Sorption Isotherm Models
The batch adsorption data were modeled by six equilibrium isotherm models, namely the linear, Freundlich, Langmuir, combined Freundlich-Langmuir (CFL), Fritz-Schluender, and PolanyiDubinin-Manes (PDM) models. The linear, Freundlich, and Langmuir models are described in detail by many writers (e.g., Schwarzenbach et al. 1999) and are not discussed further here.
In the case of sorbents with a complex nature, the nonlinearity can not be fully described by a Langmuir or a Freundlich isotherm, and other models may be required. Therefore, Cooney (1999) and Maurya and Mittal (2006) have offered a combination of the Freundlich and Langmuir isotherms. This combined isotherm has three parameters, and is defined as
where q e = sorbed equilibrium concentration (mg=kg); b = combined isotherm coefficient ðmg=LÞ Àn ; C f = equilibrium (final) aqueous concentration (mg=L); n = dimensionless parameter; and Q m = sorption capacity of the particular solid (mg=kg). Alternatively, the Fritz-Schluender isotherm is also a hybrid of the Freundlich and Langmuir isotherms and has been implemented to model adsorption of hydrophobic organic compounds onto various sorbents (Fritz and Schluender 1974; Mollah and Robinson 1996; Yang and Al-Duri 2001; Maurya and Mittal 2006) . The model equation is given as follows:
where α 1 ðmg=kgÞðmg=LÞ Àβ1 and α 2 ðmg=LÞ Àβ2 = FritzSchluender isotherm parameters; and β 1 , β 2 , and α 0 1 = dimensionless Fritz-Schluender isotherm parameters, which define the sorbent heterogeneity (Yang and Al-Duri 2001) . The FritzSchluender isotherm model, with its substantial number of fitting parameters, is reported to provide a relatively better prediction of laboratory data (Maurya and Mittal 2006) . Although empirical models like those listed previously can have some qualitative mechanistic relevance assigned to their parameters, more theoretically based models increasingly have been used (Nguyen et al. 2004) . For example, the Polanyi adsorption model (as cited in Long et al. 2008 ) has been successfully implemented to model the adsorption of nonpolar hydrocarbons onto activated carbon (Xia and Ball 1999; Crittenden et al. 1999; Kleineidam et al. 2002) . The Polanyi isotherm model used in this study was further renamed by Manes (1998) and Allen-King et al. (2002) as the Polanyi-Dubinin-Manes (PDM) model. Polanyi adsorption theory explains the adsorption as a sorbate molecule (e.g., organic chemical) comes in the close vicinity of a sorbent surface. According to the theory, an adsorption potential, ε sw , exists in this vicinity and depends on the distance to the surface and the physical and chemical properties of the sorbents (Xia and Ball 1999) . All the points equidistant from the surface are assumed to have the same adsorption potential, ε sw , forming a series of equipotential surfaces (Long et al. 2008) . Polanyi theory describes how the volume of the adsorbed molecules can be plotted against ε sw to obtain a characteristic curve for adsorption (Allen-King et al. 2002) . According to Manes (1998) , the characteristic curve can be used to describe a relationship between the sorbent surface and multiple sorbates by applying a correlation divisor or normalization factor to ε sw so that one can obtain a correlation curve between adsorbed volume, q 0 , and adsorption potential for multiple solutes. The characteristic curve equation developed by Xia and Ball (1999) is given as follows (Allen-King et al. 2002) :
where q 0 = adsorbed volume per unit mass of sorbent (L=kg or mL=g); q 0 max = adsorption volume capacity at saturation (L=kg or mL=g); and ε sw = available adsorption potential (kJ=mol), defined as ε sw ¼ RT lnðC s =C f Þ, where R (kJ K À1 mol À1 ) = ideal gas constant; T (K) = absolute temperature at equilibrium; C s = aqueous solubility of the compound (mg=L); and C f = equilibrium concentration of the solute (mg=L). NF in Eq. (3) is the normalization factor, which is often assumed to be the bulk molar volume of the absorbate at the temperature of the adsorption, V s , where V s = ratio between molecular mass and solute density (mL=mol). The parameters c, ðkJ=mLÞ Àd , and d (dimensionless) are fitting parameters: c corrects for the use of V s ; and d reflects the nature of the stochastic distribution of ε sw =NF (Nguyen et al. 2007 ). The use of molar volume, which represents the molecular size of an organic molecule, was determined to be the best method for normalization when compared with other factors such as polarity (Crittenden et al. 1999) .
The effectiveness of the adsorption isotherm models was analyzed by using a nonlinear regression analysis based on the Levenberg-Marquardt algorithm (Levenberg 1944; Marquardt 1963; Gill and Murray 1978) . The goodness-of-the-fit to the laboratory-measured values was evaluated based on an adjusted value of R 2 and the relative standard error (RSE), which is the ratio of root mean squared error (RMSE) over the standard deviation. The isotherm that provided the highest adjusted R 2 and the lowest RSE was considered to give the best-fit. The R 2 value was "adjusted" to account for the number of independent parameters in the model as follows (Draper and Smith 1998) :
where N = number of data points; and v = number of independent model parameters.
Results and Discussion
Textural Parameters
The textural parameters obtained for the adsorbents used in the current study are summarized in Table 1 . The observed N 2 adsorption-desorption isotherms at 77 K of the fly ashes were close to Type 2 of the International Union of Pure and Applied Chemistry classification, which is typical of mixed micro-and mesoporous materials (data not shown), and the hysteresis loops for all fly ashes suggested that the adsorbents contain higher amounts of mesopores (i.e., between 2 and 50 nm) than micropores (i.e., < 2 nm) ( Table 1) . Maroto-Valer et al. (2001) also reported that more than 50% of the pores inside fly ash can be characterized as mesopores, regardless of the carbon type. They attributed the existence of such large pores sizes to the extensive and rapid devolatilization of coal during the combustion process. It is clear from Table 1 that a ranking of the adsorbents based on the micro-and mesopore volumes has a comparable order with that based on the SSAs, except that the average SSA of DBh is lower than that of DP. PAC has significantly higher micro-and mesopore volumes and a larger SSA than the fly ashes.
Petrographic Analyses
The results obtained from the petrographic analyses are summarized in Table 1 . The amounts of the different types of carbon and inorganic constituents are reported as their percentages by volume rather than as percentages by weight because carbon particles typically have lower densities than inorganic particles (Maroto-Valer et al. 2001 ).
The inorganic particles were classified as glass (i.e., solid and noncrystalline aluminosilicates), quartz (i.e., nonmelted silicates), mullite (i.e., a typical composition is Al 6 Si 2 O 13 ), or spinel (i.e., iron oxides) (Maroto-Valer et al. 1999) . The petrographic analyses showed that the ashes exhibit a structure commonly observed in fly ashes; that is, the ashes were dominated by Al 3þ and Si 2þ with varying amounts of spinel. The three different types of carbon (i.e., anisotropic, inertinite, and isotropic) are also clearly visible in the petrographic images, as illustrated in Fig. 2 for the BS fly ash, with the three different carbon types present together [ Fig. 2(a) Hower et al. (2008) also described a submicroscopic carbon form, which is difficult to quantify, but might be a factor in the variability observed in Fig. 2 .
The relationship between LOI and percent total carbon by volume measured in petrographic analyses for all fly ashes is presented in Fig. 3 . The volumetric percentages tend to yield higher values than the corresponding LOI; however, a clear trend is still visible between the two sets of measurements. Fig. 3 also reveals a strong correlation between LOI, or total carbon by volume, and SSA consistent with the finding of Baltrus et al. (2001) that the carbon fraction generally increases with increasing SSA of fly ash regardless of coal type and source.
Naphthalene Adsorption onto Fly Ashes and Activated Carbon
To compare the naphthalene adsorption onto the seven fly ashes on a common basis, the adsorbed naphthalene concentration, q e , at two selected aqueous equilibrium concentrations, C f ¼ 1 and 10 mg=L, based on the best-fit isotherms are plotted against LOI in Fig. 4(a) . The adsorbed amount increases with increasing LOI as expected based on previous work with fly ashes and various organic compounds (Mott and Weber 1992; Banerjee et al. 1995; Kulaots et al. 2004; Wang et al. 2005) . Similarly, the fly ashes with higher SSA generally exhibit higher naphthalene sorption capacity (data not shown), consistent with the linear relationship between LOI and SSA illustrated in Fig. 3(b) . Wang et al. (2005) also derived a correlation between SSA and the sorption capacity of fly ashes for hydrophobic dyes.
As discussed previously, the fly ashes contain three different forms of carbon (i.e., inertinite, anisotropic carbon, and isotropic carbon), whose presence clearly affects the naphthalene adsorption properties. For example, q e increased with increasing total carbon content by volume (data not shown), as expected, given the correlation between LOI and percent total carbon in Fig. 3(a) , but the anisotropic and isotropic carbons are somewhat better correlated with sorption, as evidenced by a slightly higher coefficient of determination, R 2 [ Fig. 4(b) ]. On the other hand, no correlation existed between q e and the inertinite content (data not shown). This is consistent with previous work on the pollutant sorption properties of coal combustion by-products indicating that the anisotropic and isotropic carbons facilitate sorption because of the soft surface structure of these two carbon forms, whereas inertinite has low sorption properties because of its glassy and hard surface structure (Maroto-Valer et al. 1999 , 2001 ).
As summarized in Table 2 , the linear model did not provide the best-fit for any of the adsorption data. This is reasonable based on the findings of Chiou et al. (2000) who reported that a linear isotherm defines the partitioning of nonpolar organic chemicals with humic substances of the sorbent, and that highly thermally altered materials, like HCFA, could deviate from a linear isotherm. They noted that even small amounts of thermally altered carbonaceous material can cause substantial nonlinearity in a sorption isotherm. The nonlinearity in naphthalene sorption data can be explained by the heterogeneous structure of the HCFA. Fly ashes consist of nonpolar surfaces with a potentially high surface area and porosity, which were created by thermal alteration processes at extremely high temperatures (i.e., > 1000°C). These changes in the chemical and physical structure of the material promote adsorption and possibly result in nonlinear sorption isotherms that are characterized by a high sorption capacity at low concentrations (Allen-King et al. 2002) . Such nonlinearity was also reported by Kleineidam et al. (2002) for sorption onto fly ash and by Luthy et al. (1997) for sorption onto natural soils and sediments.
Among the nonlinear models, the Freundlich isotherm provided the best-fit to the naphthalene sorption data for four of the fly ashes (DP, MT, PR, and PS). The values of the Freundlich exponent n for naphthalene adsorption on the DP, PR, PS, and MT fly ashes were significantly less than 1.0 (i.e., 0.194-0.339), indicating a strong nonlinearity and decreasing affinities with increasing sorbed concentration (Lee et al. 2002) . A highly heterogeneous structure and uneven distribution of unburned carbon present in the fly ash (i.e., the presence of different carbon forms at different amounts in a given fly ash) may be responsible for the observed behavior.
Two of the fly ash data sets (DBh, CP) along with PAC were best-fit by the PDM isotherm model, and the BS fly ash data were best-fit by the CFL isotherm. Nevertheless, the differences in the R 2 values of some fits (e.g., CFL and PDM isotherm fit for CP fly ash and PAC) were statistically insignificant (at the 95% confidence level) suggesting that more than one isotherm can possibly be used to model the sorption data. The Fritz-Schluender isotherm model with five degrees of freedom did not provide the best-fit for any of the sorbents tested (Table 2) . Maurya and Mittal (2006) suggested that, in general, if the number of fitting parameters (i.e., degrees of freedom) of the sorption isotherm is increased, it could yield a better fit. However, the numerical complexities stemming from the five Recent studies indicate that the PDM isotherm model provides both mechanistic and modeling advantages for explaining the adsorption process (Allen-King et al. 2002) . As noted previously, for two of the seven fly ashes (DBh and CP) and PAC, the PDM isotherm provided the best-fit, and relatively high R 2 and low RSE were obtained for the remaining fly ashes (Table 2) . Similarly, the PDM isotherm was used by Kleineidam et al. (2002) for nonpolar organic chemicals tested with various geosorbents that had meso-and micropores. Examining the PDM model parameters, the adsorption capacity, q 0 max , of the fly ashes is generally wellcorrelated with the LOI (R 2 ¼ 0:820), with the isotherms for the high LOI fly ashes (e.g., DP) lying above the ones with relatively low LOI values (e.g., CP) and PAC, with its superior adsorption capacity, lying well above all the fly ashes (Fig. 5) . The q 0 max data were also highly correlated with SSA (R 2 ¼ 0:818), the total carbon content (R 2 ¼ 0:835), and the percent of isotropic and anisotropic carbon (R 2 ¼ 0:847) of the fly ashes (data not shown), indicating that the surface area and the two carbon forms are likely to have a major effect on the overall adsorption capacity. Kleineidam et al. (2002) reported a similar increase in the q 0 max with increasing SSA of bituminous coal.
o-Xylene Adsorption onto Fly Ashes and Activated Carbon
The adsorption of o-xylene on the seven fly ashes and PAC was also compared by using the adsorbed concentration, q e , at two selected aqueous equilibrium concentrations (C f ¼ 1 and 10 mg=L) based on the best-fit isotherms (data not shown). As observed with naphthalene, a strong correlation exists between q e and the LOI (%) (R 2 ¼ 0:811 and 0.826 for C f ¼ 1 and 10 mg=L, respectively). The amount of sorbed o-xylene, q e , also correlates well with SSA (R 2 ¼ 0:755 and 0.780 for C f ¼ 1 and 10 mg=L, respectively), and the total amount of carbon (% by volume) in the ash (R 2 ¼ 0:759 and 0.715 for C f ¼ 1 and 10 mg=L, respectively). Additionally, the correlation of q e with the sum of the isotropic and anisotropic carbon amounts yielded a slightly better R the correlation with the total carbon. Although these trends are the same as those observed for naphthalene, naphthalene always sorbed more than o-xylene, probably because of its slightly higher hydrophobicity (log K ow ¼ 3:29 versus 3.12) and lower water solubility (C s ¼ 31 mg=L versus 178 mg=L) (Chiou et al. 2000) . Regression analyses of the adsorption test data were performed by following the same procedures as described previously for the naphthalene tests, and results are summarized in Table 3 . Similar to the naphthalene tests, none of the fly ash data sets were best-fit by a linear isotherm, probably because of their thermally altered structure, as discussed previously (Allen-King et al. 2002) , or by the Fritz-Schluender isotherm.
The Freundlich isotherm provided the best-fit to the BS and MT fly ash data. The Freundlich coefficients were < 1:0 (≈0:39), indicating that the o-xylene adsorption was highly nonlinear, and that the affinity of the fly ashes to o-xylene decreases with increasing sorbed o-xylene concentration as was observed for naphthalene. Similarly, Mott and Weber (1992) presented n values of 0.267-0.498 for high-carbon fly ashes tested with BTEX compounds.
The o-xylene adsorption test data for the PR (LOI ¼ 8:3%) and DBh (LOI ¼ 14:9%) fly ashes were best-fit by the Langmuir isotherm, whereas the CFL isotherm, with three degrees of freedom, provided the best-fit for the DP and PS fly ash data. However, the fit statistics for the Langmuir isotherm were also similar to the CFL isotherm for these two fly ashes, indicating that the numerical difficulties associated with introducing one additional parameter were not justified. Furthermore, the PDM model yielded nearly the same fit statistics as the CFL isotherm for the DP and PS fly ashes and the PAC. The PDM model also provided the bestfit to the CP fly ash data; however, the Freundlich model resulted in very comparable R 2 and RSE values. As for naphthalene, the adsorption capacity, q 0 max , of the PDM model is generally well-correlated with LOI (R 2 ¼ 0:746), with the isotherms for the fly ashes with high LOI (e.g., DP) lying above the ones with relatively low LOI values (e.g., CP), and the maximum adsorbed volume by the five HCFAs (LOI > 6%) 40-125 times lower than that of PAC (Fig. 5) . The q 0 max data were also correlated with SSA (R 2 ¼ 0:723); however, the correlations with total carbon content, and the percent of isotropic and anisotropic carbon were poor (R 2 ¼ 0:462 and 0.49, respectively) (data not shown).
Observations on PDM Isotherm Modeling
One practical advantage of using the PDM model is the ability to derive the isotherm by normalizing the aqueous concentration to the water solubility and molecular sizes of the organic compounds. This provides a unified sorption isotherm, or correlation curve, for a group of organic compounds and a specific sorbent material. This approach has been successfully employed by many researchers for numerous organic compounds and a wide variety of sorbent types (Manes 1998; Xia and Ball 1999; Kleineidam et al. 2002; Allen-King et al. 2002; Nguyen et al. 2007; Long et al. 2008) . The batch adsorption test data of naphthalene and o-xylene were combined for all the fly ashes and the PAC, and the correlation curves are shown in Fig. 5 . The PDM model parameters for the combined adsorption data were calculated by using the nonlinear regression technique described previously and are summarized in Table 4 . Clearly, the combined data for a given sorbent can be described well by a single best-fit PDM isotherm model by using the appropriate q 0 max , d, and c. The values for the exponent d in the PDM model obtained by using the combined naphthalene and o-xylene sorption data, with two exceptions, range from 1.031 to 2.547, which is in good agreement with values in the literature (Xia and Ball 1999; Allen-King et al. 2002) . The only exceptions are the CP and MT fly ashes, with d values of 0.159 and 0.263, respectively, that are substantially lower than other ashes. The exact reason is unknown; however, the relatively low unburned carbon contents of these fly ashes (LOI CP ¼ 3:2% and LOI MT ¼ 3:1%) may have caused these low distributions of adsorption energies on the adsorption surfaces. Luthy et al. (1997) indicated that the adsorption of organic contaminants in solids may occur in three different ways: (1) adsorption onto the surface of organic matter; (2) adsorption onto mineral surfaces; and (3) adsorption into micropores of minerals with a porous surface. From Table 1 , all the adsorbents contained a certain amount of micro-and mesopore volumes. Thus, it was expected that the existence of those pores may affect the interaction between adsorbate and adsorbent; however, their correlations with the adsorbed amounts, q e , were relatively poor (R 2 < 0:61, data not shown). To better understand the effect of LOI, SSA, and micropore volumes on adsorption, PDM isotherms of volumes adsorbed, q 0 , normalized with these three parameters were plotted versus adsorption potential density (Fig. 6) . Clearly, the adsorption of naphthalene and o-xylene on PAC is related with the micropore volume of adsorbent, V micro ; that is, micropore filling. This is in agreement with the observations of Long et al. (2008) that porefilling is the dominant mechanism during the adsorption of petroleum hydrocarbons onto commonly used nonpolar polymeric adsorbents. However, it appears that the relatively small microand mesopore volumes of the fly ashes did not play a significant role in the adsorption process (Fig. 6 ).
On the other hand, LOI and SSA are likely to be primary factors affecting the adsorption of nonpolar organic chemicals onto highly heterogeneous sorbents like fly ash (Fig. 6 ). The characteristic PDM curves for naphthalene and o-xylene adsorption on the adsorbents tested (Fig. 5) deviated substantially from one another, although the fly ashes had similar chemical compositions (not shown in this paper). The difference in the characteristic curves is a result of the different SSA and LOI values of the adsorbents, as confirmed by Fig. 6 .
Conclusions
The results of a series of batch adsorption tests on seven highcarbon fly ashes with naphthalene and o-xylene revealed that the chemical and physical structure of the fly ash promoted adsorption and yielded nonlinear sorption isotherms characterized by high sorption capacity at low concentrations. The naphthalene and o-xylene adsorption capacity of the fly ashes was positively correlated with the unburned carbon content, SSA, and the percentage of the anisotropic and isotropic carbon content of the ash. The amount of naphthalene sorbed onto a particular fly ash was also greater than that of o-xylene because of the relatively higher hydrophobicity of naphthalene.
Among the adsorption isotherm models evaluated, the PDM model potentially can be used to explain the hydrocarbon contaminant adsorption onto fly ash. One practical advantage of the PDM model is the normalization of the aqueous concentrations to the water solubility of the organic compounds. This provides a unified sorption isotherm for a group of similar organic compounds tested with a specific sorbent. Consistent with previous research, the results presented in this study suggest that adsorption onto PAC is strongly correlated with the micropore volume of the adsorbent, whereas adsorption onto the surface of the organic matter and mineral surfaces is likely to be the dominant mechanism affecting the adsorption process with fly ashes. Regardless of the dominant mechanism affecting the adsorption process, the PDM model allows the prediction of naphthalene and o-xylene adsorption capacities on adsorbents with different carbon contents and pore and surface structure characteristics. However, further research with different contaminants and fly ashes from different regions and coal sources should be employed to prove the general applicability of this modeling approach.
